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ABSTRACT Prom the evaluation of sample difference spectra based on Gaussian

'.model' peaks with known peak characteristics, it is-shown that interpretation of some

parameters from difference spectra, resulting from the ratioing or subtraction of a poor

background spectra, may be inaccurate or misleading. Difference spectra of this type

are commonly observed using-techniques such as subtractively normalized interfacial

Fourier transform infrared spectroscopy, SNIFTI RS, electrochemically modulated

infrared reflectance spectroscopy, EM IRS, or similar infiared spectroclectrocilemical

techniques, as well as some microsample analyses, studies of biochemical processes,

and infrared astronomical observations, to name just a few examples. A mathematical

evaluation of the problem is offered to demonstrate what information may realistically-

be gained from the characteristics of difference spectra. It is shown that in the worst

case, where frequency, intensity, and peak width are all changing due to some

perturbation of the sample (e.g., from temperature, or surface potential changes

between background and sample spectra, etc.), even a qualitative interpretation may

not be possible. In many practical cases, however, we show-that at least a qualitative

interpretation of the data can be obtained from difference spectra.

Spectroclectrochemical applications -for the calculations shon1 n here are p, esented as

examples, although these results impact a WidcI range oflpplicttlois. Accession For
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INTRODUCTION

Subtraction of a reference spectrum from a sample spcctrumn generates a

difference spectrum with grating infrared techniques. Similarly, ratioing a background

spectrum to a sample spectrum to produce -what is also commonly known as a

difference spcctrum-is a widely used method for obtaining data using Fourier

Transform Infrared Spectroscopy. !n general, these difference spectra techniques arc

used to eliminate interference from detector response characteristics in combination

with optical characteristics of mirrors, sample handling materials (e.g., infrared

transparent salts) and other non-sample infrared absorbers in the beam path (e.g.,

water vapor, C0 2). The best sample data will be obtained using a background

spectrum where the sample is removed without disturbing anything in the beam path.

In most applications, however, background selection is difficult at best.

Spectroscopy of surface adsorbates provides a challenge, since it involves a non-trivial

effort to collect a background from a "clean" surface and then coat that surface

without irreversibly moving the sample in a way that changes the optical path and

renders the background useless. A prime example of difficulty in obtaining acceptable

background spectra for surface applications occurs in spectroelectrochemistry. Other

areas where background collection may be difficult (and weak sample spectra may be

anticipated) include infrared microsample analysis, infrared studies of complex

biochemical processes, and infrared astronomic measurements. The signal of interest in

each of these applications is generally- weak, and either background selection is

difficult, or separation of the weak sample signal firom strong background intcrirbence

requires the use ofdifferience spectra. For illustrative purposes, spcwtroelcctrochemical

systems will most frequently be used as examples here.

Two of the more commonlv lsed tcchniques in infi'ared spIect-oelectrochcmistiry

are kn(,wii !: SN! FI iRS, or suibtractivelv iornalizcd inlerlheii I :oircr ir~iislbin



2

infrared spectroscopy, and EMIRS, or electrochemically modulated infrared reflectance

spectroscopy. Both techniques employ a- thin layer cell, where a 1-3 itinlaycr of

-electrolyte is sandwiched between an infrared transparent window and -an electrode

surface. Difference spectra are collected by ratioing spectra collected while-the

electrode is held at one reference potential with spectra collected at a scries-of sample

potentials. If the reference potential can be selected such that no adsorbate is on the

surface, and such that there is no overlap between absorbing solution species-and the

surface species of interest, then the resulting spectra are fairly easy to interpret, as peak
position and intensities as a function-or potential call be determined. I lowever, due to

a-limitation-in accessible potentials, it-is-often experimentally impossibleto reach a

potential at which there is no adsorbate on the surlace. Also, overlap between spectra

of species in solution and spectra of surface species is common. In these iiistances, it is

much more difficult to extract meaningful data from the resulting difTerence spectra.

EMIRS provides similar data, although the method-is slightly different. For EMIRS,

radiation is specularly reflected from a polished electrode surface while the electrode

potential is modulated with a square waveform. The signal observed in an F' IRS

experiment is proportional to the difference in the intensity of radiation received by the

detector While the electrode is at one of the two fixed potentials defined by the square

wave modulation. This intensity difference is represented in spectra as a reflectivity

difference, AR, which may have a number of sources (instrument or sampling

characteristics) besides changes in the amount- of adsorbed species near the clectrode.

B~y ratioing AR with a reference, electrochemists attempt to remove detecc(r

contributions to spectra, and other instrumental characteristics. The l'N.1 i .S spectra.

like the SNI I"TI RS spectra, correspond to dilfTerence spectra bctween species present at

the two selected electrode potentials. lIxamples ol' spectroclectrochcmical systeis

Studied, manv using difk'rence spectra. may he rlotnd in two recent eviews olthe

subject. ! '2 The purpose of this paper is to discuss the piW fills ol" somne quantitative

I III II qIII I I ql I i II iri i i
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interpretations-of difference spectra specifically in terms of the-problems occurring

using SNIFTIRS, EMIRS, or similar tcchniqucs, and to provide an idea of what

quantities or-trends may realistically be extracted from these data.

There are prior examples in the area of spcctroelcctrochcmistry where the

problems incurred by using differcnce spectra have been recognized. Two papers. 4

have discussed-the origin of EM IRS difference spectra, and Bewick et al.3 include-a

discussion of the possible problems in determining exact frequency and intensity

information from difference spectra, as well as a discussion of other pitfalls of the

EM IRS technique.

When it is possible to obtain high enough signal/noise so that I R peaks from the

sample of interest are visible in untreated spectra, mathematical expressions which were

derived to describe infrared and Raman difference spectra can be applied to determine

quantitative information from the data. In these cases, the papers by l.aane5 and

Laane and Kiefer 6 on Raman difference spectroscopy, and infrared and Raman

difference spectroscopy 7 may be extremely useflul. Similarly, work by Brown et al.8

may help in the extraction of useful information from difference spectra, especially in

the recognition of spectral artifacts. While this work has some applications to the

infrared difference spectroscopy, much of it cannot be applied to SNI FTI RS, EMI RS

and other data arising from weakly absorbing samples since the mathematical formulae

depend on the experimentalists knowing the intensit, peak " idth, and firequency data

of their original spectra. In the case of'SNI Ui RS and IN I RS. electroclienists probe

adsorbates in the subim.:olaycr to monolayer regime % ith p-polari/ed light WiVhich

enhances the contribution firom the surl:ce o\ cr contribution fi oni solution species.

For typical solution cc.,centrations of 10 mM used in these thin layer cell

experiments, the anount ofadsorbate inolectiles in the bet pa th is eqltfi alenm to ca. I

monolayer. The total spectral fealu re firou much a sna.l II tn ther o1 uitelectiles is
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usually too weak to be visible in tile raw spectra. Therefore, the application of these

existing calculations to spectroelectrochemistry or techniques with similar limitations is

not universal, since parameters necessary to solving the equations for difference spectra

are not always available. In fact, many of tile applications that depend on difference

spectra do so because the peaks of interest in the raw spectra do not have sufficient

signal to be identifiable without background subtraction.

DISCUSSION
Experimentally, it is-useful to understand how the individual peak characteristics

provide information on chemical or physical properties of a system studied by infrared 4

difference spectroscopy. Again, spectroclectrochemical systems may be used as an

example, because there are a number of spectral characteristics which are used to

understand the adsorption behavior at the electrode surfacc. To show that an

adsorbate is at the surface, one of the characteristics that elcctrochemists look for is a

shift in adsorbate peak position with potential. Since the electric field drops off rapidly

with distance from the electrode surface, only those molecules very near tile surface

should be affected by potential changes. Along with peak position, diflerencces in

infrared peak intensities, peak widths, or peak number may also be observed. The

formation or loss of spectral peaks may suggest that a substantial change has occurred

at the surface, commonly either a restructuring of the adsorbate on tile metal, or a

chemical reaction at the surface. Changes in peak width arc also observed and have

been interpreted to reflect a change in orientation or strength o" boiding with the

surface or a change in lateral interactions with other adsorbate molccules. Variations

in pcak intensity are usually taken to indicate a change in the adsorbate surfice

coverage or the number of molecules in a given orientation. Vor any ol" thee

parameters, the ability to obtain sonic quantitative description of Eie ch;ange Ih;a has

occurred is of great importace in determining what interactions are taking place
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between the electrode and anadsorbatc. Similar types of information may be of

interest to researchers -outside electrochemistry, but the basic- importance of peak

characteristics is fairly universal for many applications- of infrared spectroscopy.

A raw spectrum contains a great deal of information that is not easily separable

into its individual components. The detector response, absorption by optics, sample

handling devices, and the atmosphere in the sample chamber will all contribute to give

the total absorption spectrum. Optical considerations for some of the

spectroclectrochemical cells have been recently described in detail9 and were shown to

dramatically influence the appearance of the spectrum. l.ooking at the raw sample

spectrum, particularly in the case of weakly absorbing samples or small number of

absorbers, will frequently not provide much information until a difference spectrum is

obtained. In order to compare the sample and reference raw spectra with the

difTerence spectrum obtained by subtraction, with grating instruments, or by ratioing,

with FTIR instruments, we will look-at the relationship between the peaks in simple

model raw-spectra with the spectrum that can be obtained by subtracting model

reference from-model sample spectra. The term "ratioing" which describes the

mathematical operation used to remove background information in F'IR spectra, may

at first seem not to lend itself to this subtraction modclling. I lowever, the actual

operation ofratioing may be viewed as shown in eqtation (i): If a reprcscnts a small

change in the absorbance, then the ratio oi FTI R spectra may he written:

(I -oj:)
( =(I - al:)(l -t+ al.)"i + al: - (I)

-al)

for an d l - I, and issuming that T2 is nculiivihlc comp;rcd to a. where 1!

represents a sample poteliti;l, litl 1:r represets a rehircnc potential (I "nity, see ill
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the last form of the equation, is the 100% line). lcctrode potential is used here as an

example perturbation from electrochemistry, but other pcrturbations may be

substituted. The difference in a values provides the spectral information. Therefore, to

simplify the discussion we will ignore the 100% line and limit our analysis to the

difference aE - aE.. The models will apply to difference spectra attaincd either through

direct subtraction or ratioing of the sample and reference spectra.

With this understanding, a very good reference for some hypothetical system may

be approximated-by a line at zero intensity. If we subtract our zero line from any

sample peak, approximating a difference spectrum, we will simply get-the original

sample peak back. In this case, as in the case where the reference spectrum contains

no surface adsorbate information, all of the features in the sample spectrum are

preserved. Any measurements of peak position, intensity, width, or number of peaks

will-then provide true quantitative information ofsurface interactions. Now, suppose

that we subtract the sample from-our zero reference. The resulting spectrum is the

same as the real sample, only negative in intensity. Peak position and width are

preserved. In this case it is still possible to determine what the actual sample spectrum

contains.

By using a Gaussian or Lorentzian model for a set of peaks. we can describe a

series of single peak spectra. These model peaks can be generated with the three main

characteristics which have been discussed so fhr; namely, a dclincd peak position.

width, and amplitude. ifwe select one o" the peaks as a background by subtracting it

from the others, we c; model what would occur in difibrence spectra when a1

background containing some contribution li'o the adcsorhate is used. In an

experiment requiring background subtraction hel're IR tpalks can he observed. we

cannot know the actual samnile component of'm raw spectrun umless we can determine

it from (lie diiliTrence data. I rsing our (Gussiai and ll I.uariA;n mede., we will
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compare a set of well-defined, or "real," sample -spectra with the "observed" difference

spectra. It should then be possible to determine how the two sets of spectra arc

related.

It is possible to generate a great variety of both single and bipolar peak shapes by

varying the parameters of sample and reference spectra independently. This variety

makes discussion of all the appearances of difIerence spectra prohibitive. For this

reason, we have chosen a number of examples to demonstrate the behavior of single

and bipolar peaks in difference spectra when parameters are modified in a way that is

likely to be found in some experiment. Starting from single peak sample-andf reference

spectra, it is possible to generate single peaks, bipolar bands, and even three peak

difference spectra. We will begin by looking at single peaks in difference spectra, and

following this will be sonic examples of the characteristics of bipolar difference spectra.

A more mathematical analysis of both types of spectra will he included-at tile end of

each set of examples to demonstrate that some rules may be applied to the

interpretation of the characteristics of common difference spectra.

The cases to be studied are chosen as follows: Cases I through 5 arc

representatives of single peaks in difference spectra which vary in peak shift direction

(Cases I and 2), magnitude of the peak shift (Case 3), peak intensity with peak shift

(Case 4), and peak intensity and peak width with a shi. in fircquency (Case 5). Cases 6

through 8 are representatives of bipolar dificrencc spcclra. where the relrcnce lcak

intensity and peak position is varied (Cases 6 arnd 7). and only tile peak position is
varied (Case 8).

I4
I
I

II
It



SINGLE PEAKS IN DIFFERENCE SPECTRA

As a first case for single peaks gencrated in difrctce-spectra. lct uts consider a

shift in pcak position. Peak shifts arc often round betwcn diffiercec Spectra collected

by varying-the electrode surface potential in spectroclCErocliernical experiments. BY

changing the Gaussian peak freqtciicy +10cm 1 across it range of six model peaks,

while the intensity also increases by +10 arbitrary intcnsity units over thle same range,

it is possible to generate thle sample spectra found in Fig. 11. "A" in Fig. I will then be -

used as a reference which will be subtracted from the simulated "real" peaks B. C, 1),

and E. F represents a 7zero-line which cannot be obtained in some actual experiments,

but can be used to provide a "real" limit for our calculations. The diffec-rnce spectra

resulting from the subtraction of "A" from "B" through "F" are shown in Fig. Illf.

Thle parameters used in the Gaussian peaks arc summarized in] Table 1. Case 1.- The

"observed" peaks, designated "B-A" etc. in Fig. Ill look vecry different from the "real"

peaks shiown in Fig. 11. The more intense the "real" peak. the weaker thle "ohserved"

peak, although the amplitude has a negative sign. The "rcaF" peaks vary in position

from 102-110 cm , while thle "observed" peaks vary from 110- 117.1 cinf The: peak

widths were not varied. This first, test. then, already shows that thle exact peak

positions are not preserved in differece spectra. The trend for increcasing peak

frequency withi potential is conscrvcd, along With tell increase in peak iten~sity With

potential. A plot or "observed" vs. "real" waventimiber position for this data call be

seen in Fig. 2. The actual peak shift observed is slightly smaller than tile "real' value.

+7.1 cmn1 instead of S cm 1 dictated 11V the orii.ial eak paramcters.

The peak charaCcristics which chance as mifi result ors~nivc incrcaismm

perturbation have a number or intcrprmtins. and lihe rclatiwnhip- betwcn ltie

observed chianges anc spectral incerpreintions are often dcnmonim d in

spcmroecirocicmical researdi. Focr cxanmple. Hi i- noi micostnnon flor a~cb;int
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coverage to increase at an electrode surface as the electrode potential is increased. This

increase in surface coverage results in an increase in the intensity of infirared peaks

characteristic of the adsorbate. Also, as adsorbate molecules are forced to interact

with the surface in the electric field near the electrode, the molecules may react or be

fixed on the surface in such a geometry that a potential dependent shift in peak

frequency may also be observed. This peak shift with potential is often called a tuning

rate. Tuning rates are often reported as an important indicator of the type of electrode

surface interaction occurring. Therefore, this first example is of direct interest to

spectroelectrochemists, as the results here show that selection of a background

potential where some adsorbate features are included in the background spectrum will

lead to measurement of an incorrect tuning rate from the diil'crence spectra. Selection

of such a-background is common, for example, in experiments within the double-layer

pet ,r ' I region (the voltage region where no Faradaic processes occur). Some

adsorbate is likely to be present on the surface at all potentials within this region, if

adsorption occurs in this region at all.

Let us return to a more general approach and consider a second example, again

considering single peak difference spectra. If the direction ofrthe peak shift is reversed,

so that a "real" peak position shift of-10 cm- 1 is used, ald the intensity still increases

by 10 arbitrary intensity units, the curves in Fig. 3 are generated. The parameters for

this case are found in Table 1, Case 2. From the graph of these data in Fig. 2, it is

apparent that the "observed" peak shift is reversed in sign, so that it is consistcnt with

the "real" data. I lowever, in this case again the value of tle peak shift is smaller than

the "real" peak shift, -7.1 cn - ' instead of-8 cm.-

By increasing the tuning-rate inl the same "real" uning direction as inl Case 2. we

develop the peaks used in Case 3. The pa ra met ers ,6r (hiis Cxalmplh are ill Tible I,

('ase 3. The only dif brellce between ('ases 2 and 3 is thal ili" shill ill peak li'eqticncy

L
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is now -20 cm- t. Once again the direction of the "observed" shift is correct, but the

"observed" shifit is smaller, ca. -11. 1 cm-n, instead of'- 16 cm- . It appears that the

larger the "real" peak shift, the worse the match is between the "real" and "observed"

data. The "observed" rate errs by being too small, at least for the case where the peak

shift is the only parameter altered. A plot of "observed" vs. "real" wavenumber

position for Case 3 is also included in Fig. 2. I
For Case 4, the parameters used in the first case were altered by changing the

intensity variation, as shown in Table 1, Case 4. The "real" peak shift is +8 cm- 1, and

the observed peak shift was found to be +5.8 cm- I. In Fig. 2 the plot of the

"observed" vs. "real" wavenumber position indicates that the "observed" data are not

linearly related to the "real" data if the intensity is varied by a large and nonlinear

amount.

Case 5 is one of the worst experimental cases; where the intensity variation is not

linear with potential, peak positions change, and there is a change in the peak width.

'[he parameters used in this case are in Table 1, Case 5. In the curve in Fig. 2 for

these data, the nonlinearity in the relation between "observed" and "real" wavenumber

positions becomes even more exaggerated than in Case 4. The "observed" peak shift

for this example is +14.2 cm-1, much larger than the "real" shilt of +8 cn i .

Increasing the peak width with increasing intensity then appears to increase the

"observed" peak shift for this example. The direction of the shift is not conserved over

the entire range of peaks considered here, so depending on experimental parameters

(such as the varying oflpotential, time. temperature, or otiher pCrtUrbation to obtain

more than one difkrence spcctrum), and the range within tie expeimental pa ameter

chosen, completely dillrcnt results could be repored based on dill~crence spectra

measuremen ts,

t . . . . .. . . . . . . . . . . . . . . . . . . . .
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To take a look at the "observed" intcnsities vs. the "real" intensities for Cascs I

through 5, the relationships between these values wcre plotted in Figs. 4A to F,

respectively. From this figure it appears that the relationships are more lincar than

those of the frcquencics for the same sets of paramctcrs. In ('ascs I and 2, where the

direction of the peak shift is changed, but not the intensity differences, the "obscrved"

intensity variation is 7.9 intensity units instead of"8. In Case 3. where the peak shift

was doubled from Case 2, the "observed" intensity variation was 7.6 intensity units

instead of"8. In Cases 4 and 5, where the intensity was varied in a slightly nonlinear

fashion, the observed rates were 18.8 and 18.5 intensity units, instead of 19,

respectively. Therefore the change in peak widths found in Case 5 had only OL slight

affect on the peak intensity. The-very small differences bctmeen "real" and "observed"

intensities seen in these results are extremely encouraging, and suggest that

interpretations based on peak intensities in real systems simila to-those in Cases I

through 5 are reliable, at least over the examples recorded here.

Mathematically, it is possible to work out at least the peak shift relationship

observed in these model data. Assume, by way of example. that we are interested in

studying the effects of changing the electrode potential on species found near the

electrodesurface, and that a reference spectrum is collected at sonic potential, Er, and

it will be ratioed against a spectrum collected at some sample -potential, F. In order to

show the relationship between the "real" and "observed"' data, if" we assume that the

peak width is constant, we manipulate two Gaussian spectra as fbllows:

(v'- 1'r

l(!:. 1-) = ac 2r" (2)

I(l:r. e be 2t (3)
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Wherev denotcs the frequency at the reference potential, a is the peak width, and I is

the intensity at thc designated frequency.

Let Al I(O1,V) 1(C3r' 4 If wc sct 0, we can obtain the "obscrvcd" peak,

positions, V
p

O=1(E, VP) 2 ( .-. ] (Lr -P) 2 (-2Vp'r (4)

Vp[l(Er, Vp) - I(E, vp)] ?vIr[l(lr, Vp) - l V (5)

From equation (5), it is possible to observe a number of characteristics relating the

"real" and "observed" spectra, including the quantity that spectroelectrochemists call

the "tuning rate," or T, that actually describes the change in peak position vith

potential, or --- For other applications, the "T" used here represents the change inaE
peak position caused by some perturbation (e.g., time, temperature, distance, etc.).

If T> O, r > 13, then 1, > nI:,( or v:) and ", > 0 (6)

which is observed in Case 2, as shown in Figure 3.

lfT < 0, Hr > F, then I. < 1,( or 1,,.) a ld ", < 0 (7)

which is observed in Case 1, as shown iin Figure I.

t1
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if T 0, E3r > 13, then vp =Vrp( or v,) and~( "'ohs 0 (8)

For the real experimnental data wvhere the peak shapes are more Lorcnitzianl, a similar

calclation may be performed. L~et the sample and reference potentials be represented

by:

1(E., v) a(9)

[ - Vr)2 + (a/2)2

Then,

Ala b 2(1

[(V -V ) +(a7/2) ] [(V - )2: (a/2)]

Again,,if- a 1 - 0 then wetcan obtain the "observed" fr-equency positions, v
av P,

2a(v~ - V) 21b(vP - 1

0 (V 2~ +(2)2]2 J.-. 22 ~ / 2 (12)

[(VP -r, ((/ 12+

2 (13
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b b ((I ) a

which yields the same relationship between vp, vp, Vr, and the peak shift as observed

in the Gaussian calculation.

It is-possible to see from equations (5) and (14) that the sign of the-peak shift will

be conserved in difference spectra in which there are no changes in the peak width.

Case 5, where the peak width does vary, is an example where the direction- of the

frequency shift is not conserved in the difference spectra. Tlhis is shown more clearly in

Fig. 2e, where the slope of the line in the plot of "observed" fi'equency vs. "real"

frequency does not always have the same sign. In I R spectrocicctrochemistry (again as

an example), one can expect to report the correct direction of the peak shift, or tuning

rate, in cases where peak widths do not vary. Modelling of experimentah, determined

difference spectra by sums of Gaussian (or Lorentzian) peaks with positive or negative

amplitudes may serve to help determine whethcrpeak widths have challged as a

function of potential differences. While peaks in difference spectra do not often look

Gaussian or Lorentzian, sums of Gaussian dr Lorentzian peaks freque,,tly have the

appearance of difference spectra collected in experiments. This sort of modelling has

already been applied to some ;nfrared spectroclectrochcmical dilTerencc spectra,1 I

although quantitative determination of tuning rates fi'om this data was still not

realistic. The modelling that was done, however, showed that the peaks observed could

be reasonably fitted without varying the peak widths ol' he aniple and reference

spectra with potential. Therefore the sign of'any shifts observed should be correct.
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BIPOLAR PEAKS IN DIFFERENCE SPECTRA

Possibly more faniliar forms of difference spectra to spectroelectrochemists and

others are those-that -have some "zero crossing" point, where the spectrum has -both

positive-and negative peaks. To evaluate data of this sort, it is frequently assumcd that

-the position of the positive feature- represents the spectroscopy of the suliace at one

potential, time, temperature, or other parameter, while the negativc pcak is-duc-to

absorption by species at a second potential, -time, temperature, etc., and a bipolar band-

results. These peaks arc also evaluated in terms of. their frequency-and intensity, and

occasionally -their peak widths. We have generated some of. these spectra in Cases ",

through-8 (see Table I for peak parameters.) In Case 6, a Gaussian peak with" a lower

intensity, but higher peak frequency, was used as a rel rence. Case 7 may he one of

the more common cases, where the relative peak widths arc narrow enough and-the

peak frequencies are far enough apart, that the resulti ,g dillirence spectra have some

bipolar characteristics. Case 8 is the most ideal of tliee three cases, where intensity

and peak width are held constant, and only the frequency-is varied. Figures 5 through

7 show the appearance of the data from Cases 6 through 8, respectively.

Assuming that both the positive and negative peaks arise from the same molecular

vibration, then the determination of the peak shift from the 6ificrence spectra is of

interest. In Fig. 8, plots of "observed" vs. "ici"c frequency fIor .he positive and

negative bands are shown. For comparison, a line shoit ,. tie ideal or "ical" peak
shift is included. It is obvious firom both Figs. Sa and b thai the peak shilts determined

by measuring peak positions from tll.c positi e and negative peaks in the diflrcncec

spectra are not the same as the "real" peak !hil'ts. The actual peak positions seem (o
fill in-between- the peaks observed in the diffeiic:nce spectra. IFigure 1) shows thlt the

"observed" peak intensities are also -non-lineai when dhe "real'" peak in tensilies are

linear, as seen in Table i, Cascs 6 and 7.
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Case 8 is an interesting exampie where, while !lie peak positions arc not accurate-

measures of thc peak shift, the peak shirt is related to the position of tic-zcro crossing

point. In this example, with only- the freq ,,-,,cy changing with potential (or-other

perturbation), the following calculation pAo' i Jierclationship between "real" and

"observed" peak shifts:

V- V.)2

For Gaussian peak shapcs: I(E, v)-= 1V. 2T2

(V_ V1.r

I(1Fr, v) =I e 2a , (15)

where v is the frequency at some sample potentia., and vj' is th peak frequency at

some referencepotential. Considering~the zero crossing pohit equation in the

difference spectrum:

( )2 (- v1,

AI= 10 e 2a"2 -1o e 2a 2 (16)

since Al=0 at the zero crossing point. If the intensities and peak width do not change

with potential, and vz is the frequency at the zero crossing point, then:

22
(vs- v,.) (, - (17)

so

vz- ' :(tz- ',.(S
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For thie +(v2 - Vp case. v l 

F or the - (v, - vF) case,

2vz VE - VIr -(19)

-al" 2- al; 21

Sirniltly, for the case where thc peak shape is-morc Lorciitzian. at thc zero crossing

point:

lo(a12) 210(c0/2) 2

2 22(2
1(v - vO) + ((a/2) ] [(v v + ((7/2)](2

Wheni them is-no change in peak width or intensity,

(V 7 - (v z 1? 2 (23)

which- has did-sarre solutions as ror the Gaussian case above.

So,-the "oIbscrved" peak shiifi oF'h zher /CI cSSilg p~oinL Wvill bc liC lfic ac(lia

peak shifa in this special case. Notice that this relat(ion is not Iirtie in ( '.ies 0 and 7.

IJnfb"rmnately, it is not1 necessaily~ possile to 10iewvni/e Iio 0111 e dIi~kicwe Spectfi
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when conditions exist such that it is possible to bencfit from this calculation. For

examplC, if no adsorbate is gained or lost by an electrode surflcc with changing

potential, and no major change in binding or adsorption takes place. so that peaks may

shift in frequency but not in width, then exact determination of" tuning rates and peak

positions may be possible. Some diffictutv may bc encountered in determining when all

of these conditions are met.

CONCLUSION

Except in-special cases, there does not appear to be a simple solution to -the

problem of determining real peak shifts, intensities, exact peak frcqucncics, and peak

widths from difference spectra collet:ted urng backgrounds containing absorption

information from the-moiccule of intc-est. While we have shown that in- some

examples it is possible to extract at least qualitative inflbrmation fIrom the dillhrence

spectra, it is apparent that quantitative interpretations ofrdi-Tcrencc spectra are

generally impossible. In some-cases, particularly where changes in peak widths are

involved, even qualitative interpretations are not possible. )eterminations of peak

frequencies and shifts are particularly difficult to determine from difference spectra,

while peak intensities show better agreement between the "real" and "observed" data,

when the observed difference spectrum is not bipolar.

Much of the existing data from techniques such as SNI FTI RS, !EM IRS, arnd other

techniques dependent on difference spectra, come from simple molecules where single

or non-overlapping spectral features may be observed. Ili this work. we have only

looked at single spectral fratures, and have determined (hat in "real" dillirence spectra,

,re can only make some qualitative d(,aterminations firom dliatla For dtla with1

multiple overlapping peaks in the same spectral region. I he problem -xvit h iisiis

dlificrence spectra will be- complicated much fiurlher, making a correct cvaiauaion of'the

data more unlikely. For both single and mth iple pea ks. pelk l ill! tin, mv aid il



'9

reaching a reasonable interpretation or the data by identifying which peak

characteristics may have changed. Peak fitting will not solve the problem of correct

evaluation of differencc spectra, but it may serve to limit the number of peak

parameters that need to be considered. Through careful analysis of the system that is

studied, and some peak fitting of the data, this work shows that some qualitative

understanding of the data collected as difference spectra may be reached. In the best

case for data where no information is available from the raw spectra, and where a

constant peak width can be assumed fiom peak fitting, it will not be possible to

determine the real peak position from the difference spectrum. any peak shift will occur

in a real direction by an unknown amount, and the peak will have an intensity that is

not very different from, yet not linearly related to, the true intensity of the peak of

interest.
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TABLE I

Gaussian Peak Parameters

A B C D E F

Case I

Peak Pos. 110 108 106 104 102 100
Peak Wid. 25. 25. 25. 25. 25. 25.
Peak Int. 10. 8.0 6.0 4.0 2.0 0

Case 2

Peak Pos. 100 102 104 106 lOS 110
Peak Wid. 25. 25. 25. 25. 25. 25.
Peak Int. 10. 8.0 6.0 4.0 2.0 0

Case 3

Peak Pos. 100 104 108 112 116 120
Peak Wid. 25. 25. 25. 25. 25. 25.
Peak Int. 10. 8.0 6.0 4.0 2.0 0

Case 4

Peak Pos. 110 108 106 104 102 100
Peak Wid. 25. 25. 25. 25. 25. 25.
Peak Int. 25. 19. I5. 9.0) 4.0 0

Case 5

Peak Pos. 110 108 106 104 102 100
Peak Wid. 30. 27. 24. 21. is. 15.
Peak Int. 25. 19. 15. 9.0 4.0 0

Case 6

Peak Ios. 110 108 106- 104 102 100
Peak Mid. 10. 10. 10. 10. 10. 10.
Peak Int. 15. 25. 20. 15. 10. 5

Case 7

Peak Pos. 120 116 112 10 101 1001
Peak Wid. !0. 10. 1. I. I0. I0.
Peak Int. 25. 20. 1i. 1o. 5.0 0

Case-3

Peak 1os. 1i10 ION !16 104 102 1(H1)
Peak Wid. I0. 10. 10. 10. 10. 1l.lPeak Tnt. 10. !10. 10. 10. il. I10.
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FIGURE CAPTIONS

Figure 1. i) Thec Gaussian peaks described by the paramecters in Table I, Case L.

11) T[he "observed" or difl'crcncc spectra resulting when curve "A" is used as a

reference.

Figure 2. Plots of "observed" wavenurnbcrs vs. "real" wavenumlbcrs ror curves

generated in Cascs I through 5. '[lie line for Case I 11o1oW.. ell filled squares: Case 2

follows the filled triangles; Case 3 is shown by open triangles: Ca-se 4 is graphecd as

open circles, and Case 5 as filled circles. '['le lines connEing- th1C points atce intended

only as guides to the eye. Note that none of the line., falls in tie region whecre "real"

and "observed" data are the same.

Figure 3. 1) The Gaussian peaks dcscribcd by the lparalCters in 1ial , Case 2.

[1) The "observed" or difference Spectra resultinig When curve "A" is used as a

refrernce.

Figure 4. Plots of "observed" intensities vs. :'rcal' intensities for curvcs generatedl ill

Cases I through 5, plotted as a-c, respectively.

Figure 5. 1) The Gaussian peaks described by the parameters in Table 1. Case 6.

If) The "observed" or difference spectra resulting when curve "A" is uised ats a

rercrence.

Figure 6. 1) Tlhe Gjaussian peaks described by the parainciers in 'Table 1. asc -7.

11) The "observed" or (illiceespectra routltiiug wheni Curve -A- i:C used atc :a

rcfrenctce.
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Figure 7. 1) The Gaussian peaks dlescribed by thc parameters inl Table 1, Case S.

11) The "obscrvcd" or dlifrcncicc spectra resulting whcn curve "A" is used] as a

reference.

Figure S. Plots of "obscrvcd" peak positions vs. "real" peak positions for a) Case 6,

and b,) Case 7. For thesc two examples, thc filled squai es denote the "observed" valucs

for the negative peaks, the filled circles show the "obser~ed" %alues for the positive

peaks, and thezfilled triangles show the appearance of the line Cor the "real" peak

positions plotted against themnselves in each case.

Figure 9. Plots of "observedl" intensities vs. "real" intensities 1 6r a) Case 6. and

b) Case 7. For thecse two examples, the filled squares-denote the "observed"' values for

the negativc peaks, and- the filled circles show the "observed" values orthe positive

peaks.
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